The photosystem I (PSI) reaction center represents a grand complex of protein subunits, both membrane-bound and extrinsic, which must assemble to bind cofactors that act to capture light energy and convert it into chemical energy (for a recent review, see ref. 1). Our goal is to gain insight into the interaction of protein subunits allowing the formation of the protein scaffold that binds electron-transfer components and their role in the chemical reactions accomplished by PSI. A heterodimer of homologous 82-to 83-kDa polypeptides, PsaA and PsaB, forms the reaction center of PSI, binding the chlorophyll (Chl) a dimer P700; and the electron acceptors Ao, a Chl a; A1, probably a phylloquinone; and Fx, a [4Fe-4S] center; as well as :'100 Chl antenna molecules (1) . A third polypeptide, PsaC, binds the terminal electron acceptors FA and FB, both [4Fe-4S] centers (2) . There are at least eight additional polypeptides associated with PSI, some with identified functions, others with unknown roles (1) .
Although attempts to resolve the three-dimensional structure of PSI are progressing (3, 4) , these data do not allow one to define precisely the protein structures important for the assembly and function of the reaction center. Therefore, we must rely on the current body of biochemical and biophysical data and analysis of evolutionary conservation to identify residues that may serve as important structural and/or functional components in the complex. The most convincing evidence for the roles of particular residues in the PSI reaction center addresses the possible ligands to the [4Fe4S] center Fx (5) and the role of a putative leucine zipper in the PsaA and PsaB proteins (6, 7) . Cysteine residues, with few exceptions, serve as the ligands to [4Fe-4S] centers (5) . There are only three conserved cysteine residues in PsaA and only two in PsaB. Two of the cysteines in PsaA are homologous to the PsaB cysteines, lying in a 12-residue sequence that is conserved in all the deduced amino acid sequences of psaA and psaB genes sequenced thus far (1) . It has been proposed that F. bridges the PsaA and PsaB polypeptides and is ligated by two cysteine residues from each of the reaction center proteins (5) (Fig. 1) . Immediately adjacent to the conserved cysteine motif in both PsaA and PsaB are repeats of conserved leucines, spaced 7 residues apart and predicted to lie in a-helices (6, 7) (Fig. 1) . The cysteine residues proposed to coordinate Fx lie in a position analogous to the DNA-binding region of regulatory proteins (6, 7) .
We are using site-directed mutagenesis to investigate the roles of the aforementioned cysteine and leucine residues in the biogenesis and function ofthe PSI reaction center (Fig. 1) . This genetic manipulation is most readily accomplished with the unicellular cyanobacterium Synechocystis sp. PCC 6803 (8, 9) . PSI in the cyanobacteria is very similar to that from higher plants in both subunit composition and gene organization (1) . By selecting under light-activated heterotrophic growth (LAHG) conditions (9), we have isolated segregated targeted inactivation mutants of both psaA and psaB, which encode the PSI reaction-center proteins in Synechocystis sp. PCC 6803 (10, 11) . The ability to recover mutants lacking the PSI reaction center makes psaA and psaB viable candidates for site-directed mutagenesis.
We will describe in vivo site-directed amino acid changes in a PSI reaction-center protein. Site-directed mutations targeted to a proposed ligand of FX and to a leucine zipper motif were incorporated into psaB and mutants were selected under LAHG conditions. Analysis of these mutants provides insight into the biogenesis and structure of the PSI reaction center. growth on solid medium in the dark (8, 9) . Except for tests for autotrophy, cells were grown at 30°C under LAHG conditions, as previously described (9), except a 10-min (rather than 5-min) pulse of light was used to ensure full illumination of all cultures in the growth chamber. Antibiotics were added, when appropriate, in the following concentrations: kanamycin, S gg/ml; spectinomycin, 20,ug/ml. Transformations were performed essentially as described (8) , except in the case of strain AB-RCPT, which was carefully maintained in dim light throughout the procedure, since it is very light-sensitive. Tests for autotrophic growth were performed using both liquid and solid medium without supplemental glucose in a chamber providing continuous light (-20 ,umolm-2-S1). To ensure that cells would grow in continuous light-i.e., that they were not light-sensitive--cultures were also grown in the light in medium with glucose. For those strains that exhibited light sensitivity, screens were used to reduce the light intensity to -3 gmol-m-2-S-1. Cultures for membrane isolation were grown in 15 liters of medium in carboys, bubbled with air. Cells were harvested with a continuous flow rotor (Sorvall) and were frozen at -70°C in BG-11 (8) (13) . The method for large-scale preparation of cyanobacterial DNA will be described elsewhere (L.B.S., N. R. Bowlby, S. L. Anderson, I. Sithole, and L.M., unpublished work). Small-scale preparations of DNA were performed on cells either scraped from solid medium or harvested from 50-ml liquid cultures (14) .
MATERIALS AND METHODS
Cells were broken with a bead beater (Biospec Products, Bartelsville, OK) and thylakoid membranes were isolated as described (10) , except that 50 mM Tris at pH 8.3 was used in all solutions and the interval between bead-beater cycles was increased to 8 min. SDS/PAGE and immunoblotting were as described (10) . To resolve PsaA and PsaB proteins, SDS/ 10%6 polyacrylamide gels were used; 17% gels were used to resolve PsaC and PsaD. Protein was assayed by the method of Lowry et al. (15) . Antibodies raised in rabbits to the PsaA/B proteins from Synechococcus were previously described (16) . Antibodies were raised in rabbits to PsaC or PsaD purified from Escherichia coli strains expressing, respectively, psaC from Synechococcus sp. PCC 7002 or psaD from Nostoc sp. PCC 8009 (17) . PSI activity was measured in a Rank Brothers oxygen electrode (Cambridge, England) illuminated by projector lamps, using a modification of methods described by Izawa (18) . Membranes equivalent to 2.5 ,ug of ChI were assayed in 1 ml of 50 mM Hepes, pH 7.5/10 mM NaCl/5 mM MgCl2 at 250C containing 1 mM KCN, 20 IM 3-(3,4-dichlorophenyl)-1,1-dimethylurea, 10 ,ug of superoxide dismutase (Boehringer Mannheim) per ml, 0.5 mM sodium ascorbate, 0.1 mM 2,6-dichloroindophenol, and 1.0 mM methyl viologen. Chl was extracted with methanol and quantified by using published extinction coefficients (19) . A PSI complex was isolated from thylakoid membranes by using 1% (vol/vol) Triton X-100 and differential centrifugation, followed by sucrose density centrifugation in 0.1% Triton X-100 (5).
Room-temperature ESR spectroscopy was performed on a Bruker ER200D spectrometer, essentially as described (10) . Low-temperature ESR spectroscopy was performed on a Bruker ECS-106 X-band spectrometer equipped with an Oxford liquid helium cryostat and temperature controller, essentially as described (20) . Illumination was provided by a 150-W xenon lamp.
RESULTS
Recipient Strain. To allow for rapid segregation of mutations free of contamination from wild-type psaB DNA, a recipient strain of Synechocystis sp. PCC 6803 was engineered with the region targeted for mutagenesis deleted. A plasmid (pLS3531K) was constructed incorporating a fragment encoding kanamycin resistance (KmR) from the plasmid pUC4K (21), flanked by a fragment encoding the 3' half of psaA and the 5' half of psaB from the plasmid pLS35 and a fragment containing the psaB 3' flanking region from the plasmid pLS31 ( Fig. 2A) . Wild-type Synechocystis sp. PCC 6803 was transformed with pLS3531K, and KmR colonies were selected and segregated under LAHG conditions. Southern analysis confirmed complete segregation of the deletion mutation (data not shown). This strain (AB-RCPT) exhibited the turquoise-blue color characteristic of cells lacking PSI due to genetic inactivation of either psaA or psaB (10, 11 (Fig. 2B) ] and the mutated pLS35 plasmids. pLS3531Q and the mutated variations of pLS3531fl were then used to transform the strain AB-RCPT and SpR colonies were selected under LAHG conditions.
The presence of the desired mutations in SpR colonies was verified by three different methods, each having particular advantages. Small-scale preparations of DNA were used as templates for conventional PCR amplification of the mutated region of the psaB gene. The resulting PCR products were digested with the informative restriction enzymes, resolved by gel electrophoresis, and visualized by ethidium bromide staining (data not shown). Genomic DNA was digested with the informative restriction enzyme and other enzymes recognizing sites in this region and was subjected to Southern analysis using a fragment ofpsaB as a probe (data not shown). Finally, to verify integration of the proper sequence, the mutated region of psaB was amplified from CsCl gradientpurified genomic DNA by asymmetric PCR (13) , and the primarily single-stranded PCR products were sequenced directly by using internal oligonucleotide primers (data not shown). In addition to initial verification of the mutants, DNA was isolated from samples taken from the large cultures to be used for phenotypic characterization to confirm that reversion had not occurred. In all of the cultures tested, no mixture of wild-type and mutant sequence or reversion of mutants to wild type was detected.
Characterization. Mutations were made in psaB as depicted in Fig. 1, changing synthetic reaction-center proteins (10) . The strains C565H, C565D, and L522P all had reduced amounts of Chl, while accumulation in the other strains was in some cases slightly reduced, but comparable to that in WTII ( Table 1) . The mutants C565S, L522V, L536M, and L522V/L536M were green in color, while C565H, C565D, and L522P exhibited a turquoise-blue color (data not shown). Variability in the Chl determinations may have been introduced by differing accumulation of PSII or by the presence of free Chl.
To assay the accumulation of PSI proteins more precisely, immunoblotting of membrane proteins was performed with antibodies recognizing PsaA/B, PsaC, or PsaD (Fig. 3) . The crossreaction of all three antibodies to protein from strains L522V, L536M, and L522V/L536M appeared to be approximately equal to that of wild type. All three antibodies recognized reduced levels of protein in membranes from C565S relative to wild type. However, greatly reduced amounts of the PsaA/B proteins were detected in membranes from C565H and C565D, and PsaA/B was undetectable in membranes from L522P. The PsaC and PsaD proteins were not detected by antibodies in membranes from C565H, C565D, or L522P. However, the PsaD antibody did recognize a protein of -11 kDa with equal intensity in all the samples. Very faint crossreaction to a protein with approximately the same molecular mass has been seen with different antiserum recognizing PsaD (10), suggesting the presence of another protein with an epitope in common with PsaD.
Room-temperature ESR spectroscopy was utilized to detect signal I, from P7 (data not shown). Data from roomtemperature ESR spectroscopy correlated with the results of activity assays and immunoblotting. The spectra from L522V, L536M, and L522V/L536M were essentially the same as that of WTM, with a feature typical of signal I and of approximately equal intensity. The spectrum of membranes from strain L522P lacked any prominent features, once signal II (from YD in PSII) had been subtracted. The spectra of membranes from the three cysteine mutants included a feature of similar intensity, reduced relative to WTQk, with a lineshape, linewidth, and approximate g value expected for signal I. (24) . The low-temperature spectra of membranes from strains L522V, L536M, and L522V/L536M were essentially wild-type, while FA/FB signals were not present in spectra of membranes from the strains C565H, CS65D, and L522P (data not shown). Signals from photoreduced FA/FB were present in spectra of membranes from C565S (data not shown) and in spectra ofPSI complex isolated from C565S membranes (Fig.  4) The three residue substitutions incorporated at position 565 represent the non-cysteine residues found to coordinate iron-sulfur centers in naturally occurring or mutant ironsulfur proteins. Histidine serves as a ligand to the [2Fe-2S] center in the Reiske iron-sulfur protein from spinach (25) . An aspartate serves as a ligand to one of the iron-sulfur centers in ferredoxin from Pyrococcus furiosus (26 (27, 28) . It is important to note that all of these examples represent iron-sulfur centers with intrasubunit ligands. The Fx center is a rare example of intersubunit coordination of an iron-sulfur center.
The conservative mutations introduced into the leucine zipper motif of PsaB had no detectable effect on PSI accumulation or activity. All the assayed characteristics of the mutants L522V, L536M, and L522V/L536M were essentially wild-type.
The residue substitutions incorporated into the leucine zipper motif have been effective in perturbing leucine zippers in other proteins (29, 30) . However, heptad repeats of leucines are also found in ion channels and do not appear to act primarily in subunit dimerization (31) . Single valine-forleucine substitutions in the Drosophila Shaker K+ channel protein altered properties of the voltage-dependent channel opening, implying a role of the repeated leucines in pore formation or channel gating (31) .
In contrast to the introduction of conservative substitutions, the introduction of a proline at position 522 of PsaB had a deleterious effect on the biogenesis of PSI. In all aspects measured, this strain has the phenotype of BDK8, an inactivation mutant of psaB (11) . The leucine-to-proline residue substitution probably disrupts the secondary structure of the eighth a-helix of PsaB.
Conclusions. Our data indicate that Cys-565 of PsaB serves as a ligand to the [4Fe-4S] center Fx and support the proposal that Fx bridges the PSI reaction-center proteins (5) . Not only does Fx act as an electron-transfer component, but this [4Fe-4S] center also plays a major structural role in reactioncenter dimerization and PSI complex stability. Our data do not definitively address the role of the leucine zipper, but suggest one of the following conclusions. (i) The mutations introduced (other than L522P) were too conservative to disrupt the leucine zipper interaction; (ii) the leucine zipper was disrupted but plays a minor role in PSI biogenesis, perhaps acting functionally in an as yet unmeasured capacity; or (iii) the leucine zipper does not form in the PSI reaction center of Synechocystis sp. PCC 6803.
